Abstract Understanding the causes of the observed expansion of tropical ocean's oxygen minimum zones (OMZs) is hampered by large biases in the representation of oxygen distribution in climate models, pointing to incorrectly represented mechanisms. Here we assess the oxygen budget in a global biogeochemical circulation model, focusing on the Atlantic Ocean. While a coarse (0.5°) configuration displays the common bias of too large and too intense OMZs, the oxygen concentration in an eddying (0.1°) configuration is higher and closer to observations. This improvement is traced to a stronger oxygen supply by a more realistic representation of the equatorial and off-equatorial undercurrents, outweighing the concurrent increase in oxygen consumption associated with the stronger nutrient supply. The sensitivity of the eastern tropical Atlantic oxygen budget to the equatorial current intensity suggests that temporal changes in the eastward oxygen transport from the well-oxygenated western boundary region might partly explain variations in the OMZs.
Introduction
The oxygen distribution in the ocean is the result of complex interactions between biogeochemistry and circulation. Remineralization of sinking organic material consumes oxygen in the ocean interior, while physical transport of waters ventilated at the ocean surface tends to resupply oxygen by advective or diffusive processes. Intense oxygen minimum zones (OMZs) are commonly observed at intermediate depth along the eastern boundaries of the tropical Atlantic and Pacific Oceans [e.g., Stramma et al., 2008] , which are characterized by both high organic matter export and weak interior ventilation. OMZs closely coincide with the so-called "shadow zones" [Luyten et al., 1983] , characterized by a sluggish cyclonic circulation.
Understanding the causes of the observed OMZs' expansion [Stramma et al., 2008] is hampered by large biases in climate models. Simulated oxygen concentrations in the eastern equatorial and tropical regions are generally underestimated [Oschlies et al., 2008; Deutsch et al., 2011; Duteil and Oschlies, 2011; Gnanadesikan et al., 2012; Stramma et al., 2012; Cocco et al., 2013] , in particular, in the Atlantic Ocean. An unrealistic representation of the circulation, and more specifically of the equatorial current system, might be responsible for the discrepancy between models and observations [Dietze and Loeptien, 2013] . In the tropical Atlantic Ocean, the oxygen-rich waters of the North Brazil Current (NBC) are connected with the eastern part of the basin principally via the eastward flowing Equatorial Undercurrent (EUC) [Stramma and Schott, 1999] . The EUC is flanked by its eastward flowing southern and northern branches (SEUC and NEUC) around 5°N and 5°S. A simple conceptual model suggested that a variation in the strength of extraequatorial jets impacts the mean equatorial oxygen distribution [Brandt et al., 2010] .
Another potential source of bias arises from the simplification of biogeochemical processes by the models. High-productivity regions are located on the eastern side of the Atlantic basin due to the presence of upwelling systems, which carry nutrients from the ocean interior toward the surface. The interior oxygen concentration is sensitive to the rate of export, decay, and remineralization of organic matter, which are often parameterized in a simple way [e.g., Kriest et al., 2010] . Identifying to what extent the representation of circulation or biogeochemistry is deficient in existing models is not an easy task, as the biogeochemical parameters are often "tuned" in order to achieve a realistic representation of nutrient fields and thereby may compensate possible deficiencies in the simulated ocean circulation [Duteil et al., 2012] . Figure S1 • Figure S2 • Figure S3 Correspondence to: Here we assess the sensitivity of simulated oxygen concentrations to a refinement of the horizontal grid resolution of a coupled circulation biogeochemistry model, with the biogeochemical model staying unchanged. A change in resolution impacts the circulation strength, and in particular the equatorial currents. Faster (slower) currents, on the one hand, lead to higher (lower) ventilation rates and transport of tracers, such as oxygen. On the other hand, a change in nutrient transport might trigger changes in biological productivity, with consequences for oxygen consumption at depth. Our analysis aims at differentiating between changes in oxygen supply and oxygen consumption.
Model Experiments
The ocean model builds on the NEMO (Nucleus for European Modelling of the Ocean) v3.1 code [Madec, 2008] . Two configurations are used in this study, both of them including 46 vertical levels, with increasing thickness from 6 m at the surface to 250 m at depth. The configurations differ in their horizontal resolution: (using 1948-2007 interannual forcing and following an initial 80 year climatological spin-up at coarse resolution). The interpretation of differences in the ventilation of thermocline waters in the two models is aided by an ideal age tracer, which records the time since the last contact of a water parcel with the atmosphere during the spin-up of the circulation.
The ocean circulation model is coupled with a simple biogeochemical model, based on six prognostic variables. The inorganic variables include dissolved oxygen (O 2 ) and phosphate (PO 4 ). They are linked through exchanges with the biological variables (phytoplankton, zooplankton, particulate, and dissolved organic matter) by a constant Redfield stoichiometry C:N:P:O 2 of 122:16:1:À170. The PO 4 and O 2 fields are initialized from the World Ocean Atlas (WOA) [Garcia et al., 2010] . The air-sea flux of oxygen is formulated according to the Ocean Carbon-Cycle Model Intercomparison Project (OCMIP) protocol [Najjar et al., 2007] . This nutrientphytoplankton-zooplankton-detritus (NPZD) biogeochemical model was first used in a global model by Schmittner et al. [2005] and is employed here with the parameter set obtained by Kriest et al. [2010] by calibrating a coarse-resolution global model configuration against the observed global pattern of nutrients and oxygen. In this experiment, the phytoplankton growth (maximal growth rate of 0.6 d À1 at 0°C) is set by the most limiting resource, whether nutrients or light. The linear phytoplankton loss term (mortality) is 0.01 d À1 .
The quadratic loss term is 0.03125 mmol P m oxygen minimum is located around 300 m depth, somewhat shallower than in the observations. This discrepancy in the vertical profile might reflect errors in the remineralization profile of the exported organic matter. Simulated oxygen concentrations are higher and closer to the observations in the ANETUS region. Compared to ORCA05, the oxygen concentration in the eastern part of the basin is significantly higher and more realistic in TRATL01 (Figures 1e and 1f ). In agreement with the observations, low oxygen (<40 mmol m À3 ) values are restricted to the ASETUS region. In the GG region the differences between the two model configurations are most striking: minimum oxygen concentrations in TRATL01 are of the order of 60 mmol m À3 , closer to the 80 mmol m À3 observed in WOA, whereas this region is completely depleted in oxygen in ORCA05. Simulated oxygen concentrations in the ANETUS region are only slightly higher by about 10 mmol m À3 in TRATL01, but again more realistic than in ORCA05. The western part of the Atlantic and the subtropical gyres exhibit comparable oxygen values in both experiments.
Mechanisms Controlling the Oxygen Concentration

Circulation
In the OMZ depth layer, between 200 m and 400 m, the mean current speed in the tropical region reflects both the extension and strength of the upper and the deeper thermocline currents. In ORCA05 (Figure 2a) , the equatorial current system is poorly developed. The mean currents in the 200 m-400 m depth range are sluggish east of 10°W. In TRATL01 (Figure 2b) , the lower edge of the EUC, flowing along the equator, and the SEUC, flowing between 5°S and 10°S can be identified. These jets cross the entire Atlantic and flow eastward from the oxygen-rich NBC to the eastern part of the Guinea Gulf. The NECC/NEUC flow eastward around 5°N. The velocity of the westward flowing North and South Equatorial Currents, forming the equatorward margin of the subtropical gyres, is comparable in both experiments. The circulation pattern maps onto the simulated ideal age distribution. In TRATL01 (Figure 2d ), the average age in the 200 m-400 m layer along the eastern side of the equatorial region is lower (70 to 100 years) than in ORCA05 (Figure 2c ) (greater than 100 years). The northern and southern shadow zones, associated with the ANETUS and ASETUS, are characterized by waters older than 90 years in both experiments. The ventilation by the EUC, NEUC, and SEUC leads to the formation of tongues of younger water, a few degrees north of the equator and around 5°S, especially in TRATL01. The water is significantly younger in TRATL01 than in ORCA05 in the GG region. In the thermocline of the subtropical gyres, waters are relatively young and of similar age in both experiments.
To better assess the role of oxygen transport, the equatorial and tropical zonal current structure is inspected. The most prominent current in the upper thermocline is the eastward EUC, flanked by the westward central and northern South Equatorial Currents. TRATL01 differs from ORCA05 primarily by a more pronounced eastward penetration of the EUC, as at 0°E the maximum zonal velocity is 0.55 m s À1 in TRATL01 (Figure 2f) compared to only 0.1 m s À1 in ORCA05 (Figure 2e ). The mean zonal velocity profile at this location agrees well with the observed profile (Figure 2g ) obtained from moored current meter measurements [Johns et al., 2012] . South of the EUC the SEUC flows eastward between 5°S and 10°S. At 0°E, the SEUC is very sluggish and not clearly isolated from the mean flow field in ORCA05 (Figure 2a ), whereas the two observed SEUC branches are clearly identified in TRATL01 (Figure 2b ). South of these branches (12°S to 15°S), two eastward flowing jets ventilate the interior ocean at 200 m to 300 m depth. The strong difference in the representation of the equatorial current system between the two models is reflected in the simulated oxygen concentration (Figure 1 ).
Biological Production
Oxygen is consumed in the deep ocean by the remineralization of organic matter, which mainly originates from biological production in the euphotic layer. Net primary production (NPP) consequently constraints oxygen consumption. Synoptic observational estimates of NPP can be obtained from remote sensing data by algorithms such as the vertically generalized production model (VGPM) [Behrenfeld and Falkowski, 1997] . The modeled NPP pattern is similar in ORCA05 and TRATL01 and in broad agreement with the satellite-derived NPP pattern computed by the VGPM (Figures 2h and S2a-S2d in the supporting information) despite the simplicity of the NPZD model (constant C:N:P stoichiometry, constant remineralization rates, neglect of denitrification/anammox, and interactions with the sediment). The modeled NPP values, however, tend to be lower (production in the gyres below 50 gC m À2 yr À1 and between 400 and 450 gC m À2 yr À1 in the upwelling regions) except for the equatorial region where the models exhibit a too high productivity. The integrated NPP over the basin is lower in ORCA05 (4.36 GtC yr À1 ) and TRATL01 (4.43 GtC yr À1 ) compared to the observations (6.98 GtC yr À1 ). Simulated NPP values in ORCA05 and TRATL01 are similar because phosphate is not the immediate factor limiting phytoplankton growth in the eastern high-productivity regions, consistent with observational and experimental evidence . The phytoplankton growth is primarily limited by light (see Figures S2e and S2f) in both model configurations, making the NPP relatively insensitive to an extra input of nutrients due to a change in circulation.
Integrated Budget
The changes in oxygen concentration between the two model solutions are a consequence of either changes in the supply of oxygen by the flow field or the consumption of oxygen by biological processes. Consider the balance between supply processes (S) and biological oxygen consumption (C) in the OMZ layers (200 m-400 m): any difference between the two processes is reflected in a temporal trend of the oxygen content, i.e., dO 2 /dt = SÀC.
We first diagnose the mean trend dO 2 /dt of the oxygen inventory in the Atlantic basin during the 60 year simulation periods in ORCA05 and TRATL01. These temporal trends are negative (see Figures 3a, 3b , and S1), i.e., both simulations lose oxygen and adjust to concentrations below the values given by the WOA, used for initialization. As the initial oxygen concentration is not in equilibrium, the mean temporal oxygen trend during the first decades of the integration reflects primarily the models' adjustment to the circulation and biogeochemistry. The impact of interannual variability on the mean trend is comparatively small and is neglected in this study. We focus on the adjustment process.
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The negative trends are substantially reduced in TRATL01, especially in the GG and ASETUS region, suggesting that the circulation and biogeochemistry are closer to reality in TRATL01 compared to ORCA05. ORCA05 loses up to 2 mmol m À3 yr À1 in both regions, whereas the trend is diminished in TRATL01 to less than 0.6 mmol m À3 yr À1 in the GG and less than 1.2 mmol m À3 yr À1 in the ASETUS.
In principle, changes in the structure and/or strength of the current system should affect both the supply of oxygen to these regions (by the oxygen flux from the western tropical Atlantic) and the consumption (by changes in the nutrient supply and associated changes in biological productivity) ( Figure S3 ). Inspecting the changes in the individual consumption and supply rates between ORCA05 and TRATL01 reveals that the intensified equatorial currents in the latter simulation affect the oxygen supply (Figure 3d ) more strongly than the consumption (Figure 3c ). For instance, in the GG, supply increases by up to 50% in TRATL01 compared to ORCA05, while the concomitant increase in consumption is only 20%. As a consequence, the difference in supply exceeds the difference in consumption (Figure 3e ), resulting in a significant increase of oxygen concentrations in TRATL01.
Summary and Conclusion
The oxygen distribution in the interior ocean was assessed in two hindcast experiments with a global coupled physical-biogeochemical model, which differed only in their spatial resolution. Both coarse ( While the 0.5°model exhibits a strong negative oxygen trend especially in the GG and ASETUS regions, leading to too intensive OMZs, the trends are much weaker and the averaged oxygen concentrations much more realistic in the 0.1°case, both in the equatorial region (GG), and in the northern and southern shadow zones (ANETUS and ASETUS). The differences in the simulated oxygen concentration in the eastern tropical Atlantic can be understood as an effect of an enhanced oxygen supply by the more intense equatorial current system in the 0.1°case. The GG region is ventilated mainly by the EUC, which especially in its eastern portion is much stronger, more structured and more realistic in the high-resolution case. The ASETUS region is ventilated by the off-equatorial current (SEUC) along its northern flank, and by the sSEC at its southern boundary. Since the sSEC has similar characteristics in both experiments, the strength of the SEUC appears to be a critical factor in governing the oxygen concentrations in this region. The resolution-dependent intensification of the zonal undercurrents is mostly confined to the eastern part of the basin, i.e., to the east of about 10°W. Accordingly, the impact of resolution is most pronounced in the GG and ASETUS, and comparatively weak in the ANETUS.
Despite clear improvement in the high-resolution model, a tendency toward too low oxygen concentrations in the eastern tropical Atlantic compared to the conditions given by the WOA remains, suggesting that some processes are still not correctly captured even in the high-resolution model. Possible flaws include a too weak transport by the eastward flowing Southern and Northern Intermediate Counter Currents, which are suggested to ventilate the eastern tropical regions Getzlaff and Dietze, 2013] . Deficits may also be related to the representation of biogeochemical processes. Oxygen, for instance, is very sensitive to changes in the remineralization length scale and in simulated primary production [Kriest et al., 2012] . The behavior of organisms, such as zooplankton migrating patterns, also influences the oxygen consumption [Bianchi et al., 2013] . Regional variations in phytoplankton properties, for example, in C:N:P stoichiometry [Martiny et al., 2013] , have not been taken into account here.
A more fundamental aspect of the eastern tropical oxygen budgets highlighted by the present experiments is the different sensitivity of the oxygen supply and consumption processes to changes in the strength of the equatorial current system. Since relatively small perturbations of the balance between supply and consumption can lead to significant temporal trends in the oxygen content of the OMZs, the present results suggests that trends or low-frequency variations in the equatorial currents [e.g., Brandt et al., 2010; Jouanno et al., 2011; Goes et al., 2013] could represent a prime factor for recently observed tropical oxygen trends [Stramma et al., 2008 [Stramma et al., , 2012 . This is consistent with the work of Monteiro et al. [2011] who combined observational data and a simple conceptual model, to show that the regional ocean circulation drives the variability of hypoxia over the shelf. Our results reported here indicate the potential of high-resolution ocean general circulation models to unravel the linkages between global transport patterns and local biogeochemical environments.
